Transforming growth factor ␤ (TGF-␤) is a potent multifunctional regulator of cell growth and differentiation. Although nearly all cells synthesize and respond to TGF-␤, bone and cartilage are particularly rich in this growth factor (6, 46) . TGF-␤1, the prototypic member of the TGF-␤ superfamily, elicits diverse cellular responses, including (i) inhibition of adipogenesis and myogenesis and (ii) stimulation of chondrogenesis and osteogenesis (31) . TGF-␤1 stimulates the synthesis of matrix proteins and their receptors (for example, fibronectin, fibronectin receptor, collagen, osteonectin, osteopontin, and integrins) and inhibits matrix degradation by increasing the production of protease inhibitors and decreasing the production of proteases (42) . Members of the TGF-␤ superfamily with important effects on bone cell differentiation are bone morphogenetic proteins (BMPs) (17, 41) , which were first identified as factors that induce bone formation in vivo when implanted into muscular tissues (54) . Unlike TGF-␤, which induces new bone formation only when injected near bone, BMPs produce bone formation even when injected into ectopic sites. TGF-␤ and BMPs bind to distinct receptors, TGF-␤ type I and II receptors for TGF-␤ and BMP type I and II receptors for BMPs. Following ligand binding, the receptor-associated kinase is activated and phosphorylates Smads, which move into the nucleus to stimulate the transcription of a set of target genes. Smad2 and -3 are activated by TGF-␤ receptors and mediate TGF-␤ responses, whereas Smad1, -5, and -8 are activated by BMP receptors and transduce BMP signals (15, 32, 57) .
The pluripotent mesenchymal precursor cell line C2C12 provides a model system to study the early stage of osteoblast differentiation during bone formation in muscular tissues. In this model, TGF-␤1 inhibits the differentiation of C2C12 cells into multinucleated myotubes without inducing osteoblast phenotypes. BMP-2 not only inhibits the terminal differentiation of C2C12 cells but also induces osteoblast phenotypes (20) . Therefore, the C2C12 model is useful for analyzing both the common and specific signaling mechanisms of TGF-␤ and BMPs. In C2C12 cells, overexpression of Smad1 and Smad5 induced alkaline phosphatase (ALP) activity, a typical osteoblast-specific marker, and inhibited muscle-specific gene expression (11, 36, 56) . These results suggested that BMP functions via either Smad1 or Smad5 and that the induction of the osteoblast phenotype and the inhibition of myogenic differentiation are regulated at the transcriptional level. However, the molecular mechanisms through which Smads block myogenic differentiation and induce osteogenic differentiation are not known.
Runx/PEBP2/Cbf (hereafter referred to as Runx) is a sequence-specific DNA binding protein that recognizes a specific DNA sequence originally identified as the binding site for polyomavirus enhancer binding protein (PEBP) (2, 38) . Runx/ PEBP2/Cbf was also identified as the Moloney murine leukemia virus enhancer core binding protein (53) . The consensus sequence recognized by Runx was determined to be 5Ј-(Pu/T) ACCPuCPu-3Ј or 5Ј-PyGPyGGT(Py/A)-3Ј (3, 19, 33, 38) . Each member of the Runx family is composed of two subunits, ␣ and ␤. The ␣ subunit is encoded by three distinct genes, Runx1 (PEBP2␣␤/Cbfa2/AML1), Runx2 (PEBP2␣A/Cbfa1/AML3), and Runx3 (PEBP2␣C/Cbfa3/AML2). So far, only one gene encoding the ␤ subunit, PEBP2␤/Cbfb, has been described (4, 39, 53) . The DNA binding activity of the ␣ subunit, which binds DNA very weakly, is strongly stimulated by the ␤ subunit. The recent identification of Runx2 as a transcription factor required for bone formation was a significant milestone in osteoblast biology. Both intramembranous and endochondral ossification were blocked owing to the maturational arrest of osteoblasts in Runx2 knockout mice (21, 40) . The Runx2 gene is also involved in the human disease cleidocranial dysplasia (CCD), an autosomal dominant bone disorder. In Runx2 ϩ/Ϫ heterozygous mice, Otto et al. noticed abnormalities, the most prominent of which were hypoplasia of the clavicle and delayed development of membranous bones (40) . These phenotypes are typical features of CCD. Together with these observations, deletions, insertions, or mutations that inactivated one allele of the Runx2 gene were shown to be the cause of the CCD syndrome in humans (24, 34) . These results proved that Runx2 is an essential transcription factor required for bone formation. However, the underlying molecular mechanisms by which Runx2 expression is regulated and Runx2 controls osteoblast gene expression are still poorly understood.
In this study, we investigated the molecular mechanisms that block myoblast differentiation and induce osteoblast differentiation in C2C12 cells. Exogenous expression of Runx2 mimicked the common activities of TGF-␤1 and BMP-2, inducing matrix gene expression, suppressing MyoD expression, and inhibiting myotube formation of C2C12 cells. However, Runx2 alone was not sufficient for osteoblast-specific gene expression. For this, the coordinate actions of Runx2 and BMP-activated Smads were required.
MATERIALS AND METHODS

Materials.
Bioactive recombinant human BMP-2 was produced and purified from the conditioned medium of CHO cells, and purity and bioactivity were checked as described previously (52) . Recombinant human TGF-␤1 was purchased from Sigma. Anti-Runx and anti-PEBP2␤/Cbf␤ polyclonal antibodies and anti-Runx2 monoclonal antibody were kind gifts from Y. Ito (Kyoto University, Kyoto, Japan). Reagents were purchased from the following vendors: restriction enzymes from Takara (Tokyo, Japan) or New England Biolabs; cell culture reagents, G418, and Lipofectamine from Gibco/BRL; human recombinant TGF-␤1 from Sigma; mouse monoclonal anti-FLAG M2 antibody from IBI; enhanced chemiluminescence (ECL) Western blotting kit including goat antimouse horseradish peroxidase-conjugated antibody, Hybond-Nϩ nylon membrane, and Rediprime DNA labeling kit from Amersham; luciferase assay kit from Promega; hygromycin from Clontech; Immobilon from Millipore; poly(dIdC) from Pharmacia; all oligonucleotides from Bioneer (Cheongiu, Korea); type I collagen gel (Cellmatrix type I-A) from Nitta Gelatin Co. (Tokyo, Japan); and collagenase from Wako (Osaka, Japan). All other chemicals of the purest grade available were obtained from commercial sources. Sense-strand sequences of the double-stranded oligonucleotides used in electrophoretic mobility shift assays (EMSAs) are as follows: T␤RE (TGF-␤1-responsive element), 5Ј-gaTCCACC ACAGCCAGACCACAGGCAGACATGAgga-3Ј; M1, 5Ј-gaTCCAGGACAGC CAGACCACAGGCAGACATGAgga-3Ј; M2, 5Ј-gaTCCACCACAGCCAGAG GACAGGCAGACATGAgga-3Ј; and M3, 5Ј-gaTCCACCACAGCCAGACCA CAGGCATCCATGAgga-3Ј. Lowercase letters indicate nucleotides not present in the immunoglobulin (Ig) C␣ promoter that were added for cloning and end labeling; underlined nucleotides indicate mutations; the perfect match of the Runx binding site in T␤RE is indicated in boldface.
Plasmids. The mouse Runx2-␣A1 cDNA cloned into pBluescript II-KS (38) and pcDNA3.1 (Invitrogen) was used for generating the Runx2 expression construct, pcDNA3.1-Runx2-␣A1. The entire coding region of mouse Runx2-␣A1 cDNA was amplified by PCR with the primers 5ЈGGCTGGGATCCGGTATG CGTATTCCT (sense) and 5Ј-GGTTGAAGATCTTCAATATGGCCGCCA (antisense). Translation initiation and stop codons in the primers are underlined. The PCR product was digested with BamHI and XbaI, whose sites were provided by the primers used, and the resulting DNA fragment was ligated into pcDNA3.1/HisC treated with BamHI and XbaI. The nucleotide sequence of the entire region amplified by PCR was verified by nucleotide sequencing of both strands. The luciferase reporter plasmid, pGL3-T␤RE, was constructed by inserting two copies of the T␤RE (originally identified in the Ig C␣ promoter [29] ), separated by 72 nucleotides of DNA derived from pBluescript II-KS (Stratagene), into the BglII site of the pGL3-promoter plasmid (Promega). pGL3-M2 was constructed by the same method except that the mutant T␤RE M2 was used. pcDNA3-FLAG-Smad5 expressing human Smad5 tagged with FLAG was a gift from K. Miyazono (Cancer Institute of the Japanese Foundation for Cancer Research, Tokyo, Japan).
Cell lines and culture. The mouse pluripotent mesenchymal precursor cell line C2C12 was purchased from the American Type Culture Collection C2C12 and MC3T3-E1 cells were maintained in Dulbecco modified Eagle medium (DMEM) containing 15% fetal bovine serum (FBS), and penicillin G (100 U/ml), and streptomycin (100 g/ml) at 37°C in a humidified atmosphere of 5% CO 2 
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Ϫ/Ϫ embryos at embryonic day 18.5 were cultured in type I collagen gel in alpha-minimal essential medium overlaid by alpha-minimal essential medium containing 10% FBS, penicillin G (100 U/ml), and streptomycin (100 g/ml). After 10 days of culture, the cells migrating from the explants were harvested by treatment with 0.2% collagenase. The cells were diluted on 10-cm-diameter dishes, and each colony was picked up using cloning rings. One colony, named H1-127-30, was expanded and used for further analysis.
Stable transfection. To obtain Runx2-overexpressing C2C12 (C2C12-Rx2) cells, stable transfection of pcDNA3.1-Runx2-␣A1 into C2C12 cells was done via the Lipofectamine method as specified by the manufacturer (Gibco/BRL). G418-resistant colonies were selected by adding G418 (600 g/ml) to the medium for 2 weeks. Viable colonies were subcultured, and Runx2-overexpressing clones were screened by Western blotting. C2C12 cells stably expressing Smad5 (C2C12-Sm5 cells) were obtained by the same method except that pcDNA3-FLAG-Smad5 was used for transfection. To obtain C2C12 cells stably expressing both Smad5 and Runx2 (C2C12-Sm5-Rx2 cells), C2C12-Rx2 was subjected to a second round of stable transfection with pcDNA3-FLAG-Smad5 and pTK-Hyg vectors (Clontech). The stably transfected cells were screened for 2 weeks in selection medium containing G418 (600 g/ml) and hygromycin B (300 g/ml). Viable colonies were further screened by Western blotting.
Transient transfection and luciferase assays. For the luciferase assay, cells were transfected with Lipofectamine according to the manufacturer's instructions. Briefly, 2 ϫ 10 5 cells were plated in each well of a six-well plate. The next day, cells were transfected by the Lipofectamine method (Gibco/BRL). Each transfection assay was performed with various combinations of 1 g of the luciferase construct, 1 g of the Runx2 expression plasmid (pcDNA3.1-Runx2-␣A1), and 1 g of the constitutive active form of the TGF-␤ receptor I. The total amount of exogenous DNA was maintained at 5 g/plate by adding the appropriate amount of salmon sperm DNA. All plasmid DNA was prepared using a Qiagen Midi kit. After 6 h, the medium was changed and cultured for an additional 42 h. Cells were then lysed, and luciferase activity was determined using a Dual Luciferase Reporter Assay kit as instructed by the manufacturer (Promega). Results were obtained from at least two independent experiments with triplicate samples for each experiment.
EMSA. Nuclear protein extracts were prepared from cells stimulated with TGF-␤1 or BMP-2 as described previously (45) . Protein concentrations of the extracts were determined using the Bradford assay (Bio-Rad). A doublestranded DNA probe, T␤RE (see above), was prepared and used for EMSA as described previously (19) . All binding assays were performed at 30°C for 30 min in 20 l of binding buffer [20 mM HEPES (pH 7.6), 4% (wt/vol) Ficoll type 400, 50 mM KCl, 2 mM EDTA, 2 g of poly(dI-dC)] containing 1 nM 32 P-end-labeled probe (20,000 to 30,000 cpm) and about 5 g of nuclear protein extract. The competition assay contained 50 times more unlabeled double-stranded synthetic competitor DNA. For supershift experiments, monoclonal antibody (or antiserum; 0.5 l) was added to the entire mixture. Half of each reaction mixture was loaded onto a 0.25ϫ Tris-borate-EDTA-5% nondenaturing polyacrylamide gel, electrophoresed at 250 V for 1 h and autoradiographed for 16 h at Ϫ70°C, using two sheets of intensifying screens.
Northern blot analysis. Total cellular RNA was prepared as described previously (44) . Then 5 g of RNA was resolved in a 1.2% formaldehyde-agarose gel and transferred to a Hybond-Nϩ nylon membrane using 10ϫ SSPE buffer (0.18 M NaCl, 0.01 M NaH 2 PO 4 , 0.001 M Na 2 EDTA [pH 7.7]). RNA was cross-linked to the filter by UV irradiation for 1 min and stored until use. The DNA probes were either the PCR product or cloned cDNA of mouse Runx2 (38) , rat ALP (37), human collagen type I (8), human fibronectin (22) , rat osteocalcin (27) , or mouse MyoD (9) and were all labeled with [␣-
32 P]dCTP (3,000 Ci/mmol; NEN) using a Rediprime DNA labeling kit. The blot was prehybridized in 5ϫ SSPE-5ϫ Denhardt's solution-0.5% sodium dodecyl sulfate (SDS)-100 g of salmon sperm DNA/ml at 65°C for 1 h. For hybridization, heat-denatured radioactive DNA probe (10 6 cpm/ml) was added, and the mixture was incubated at 65°C overnight. After hybridization, the blots were washed in 2ϫ SSPE-0.1% SDS at room temperature for 15 min and twice in 0.1ϫ SSPE-0.1% SDS at 65°C for 15 min for the rat and mouse probes. For the human probes, the membrane was washed in 0.5ϫ SSPE-0.1% SDS at 42°C instead of 0.1ϫ SSPE-0.1% SDS. The blots were exposed to Kodak XAR-5 film at Ϫ70°C with two sheets of intensifying screens.
Western blot analysis. Proteins from cell lysates were resolved by SDS-8 to 10% polyacrylamide gel electrophoresis and transferred to Immobilon (Millipore). The blots were blocked in BP solution (50 mM Tris [pH 7.5], 150 mM NaCl, 0.1% Tween 20) containing 2% nonfat dry milk. Primary antibody (FLAG or Runx2) was added to the BP solution at a 1:2,000 dilution for 1 h at room temperature. The blots were washed three times with the BP solution and incubated with the goat anti-mouse antibody for 1 h at room temperature. After three washes with BP solution, the blots were developed by ECL and exposed on Kodak XAR-5 film.
RESULTS
The major T␤RE binding protein induced by TGF-␤1 and BMP-2 is Runx2. C2C12 cells differentiate into multinucleated myotubes when the serum concentration is reduced from 15% to 5%. Treatment with TGF-␤1 (5 ng/ml) or BMP-2 (300 ng/ ml) completely inhibits myotube formation. We studied the molecular mechanism of this inhibition of terminal differentiation. Using the T␤RE present in the Ig C␣ promoter ( Fig.  1A ) (29) , the DNA binding activity of the T␤RE binding protein was examined by EMSA. As shown in Fig. 1B , T␤RE binding activity was detected in C2C12 cells, and the activity was significantly increased by TGF-␤1 and BMP-2 (compare lanes 1, 6, and 11). The two elements present in the T␤RE have been shown to be Runx and Smad binding sites (13, 47 ). Therefore, we tested which of these sites actually mediates the binding of the T␤RE binding protein induced by TGF-␤1. For this purpose, we prepared three mutant forms of the T␤RE (M1, M2, and M3 [ Fig. 1A] ) with a base substitution in the first (M1) or second (M2) putative Runx binding site or in the putative Smad binding site (M3). Addition of M1 or M3 effectively competed out the entire T␤RE-protein interaction (Fig.  1B, lanes 3, 5, 8 , 10, 13, and 15), whereas M2 did not (lanes 4, 9, and 14), suggesting that the induced protein bound to the second Runx consensus sequence but not to the first (M1 site), which is imperfect (Fig. 1A) . To examine whether the TGF-␤1 or BMP-2-induced T␤RE binding protein is actually Runx, EMSA supershift assays were performed using Runx2 or PEBP2␤/Cbf␤-specific antibodies. As shown in Fig. 1C , the T␤RE binding protein-DNA complex was supershifted by a polyclonal antibody that recognizes Runx1, -2, and -3 (lanes 2 and 5) and by a monoclonal antibody that recognizes only Runx2 (lanes 8, 10, and 12) as well as by PEBP2␤/Cbf␤-specific antiserum (lanes 3 and 6), while no supershifted band was observed using preimmune serum (lanes 1 and 4) . Since the T␤RE binding protein was effectively supershifted by the Runx2-specific monoclonal antibody (lanes 8, 10, and 12), the T␤RE binding protein must contain mainly Runx2. Furthermore, these results indicate that TGF-␤1 or BMP-2 induces primarily the Runx2 isoform in C2C12 cells. It is worth mentioning that addition of PEBP2␤/Cbf␤ protein did not change the mobility or the intensity of the shifted band (Fig.  1B, lane 2, 7, and 12) . However, the T␤RE-bound complex was supershifted by anti-PEBP2␤ antibody (Fig. 1C, lanes 3 and 6) . The results suggest that Runx2 bound to the T␤RE was already complexed with the ␤ subunit, as has already been suggested for all family members of the ␣ subunit family (4, 5) . A time course study showed that the induction of the T␤RE binding protein (Runx2) reached a maximum as early as 4 h after TGF-␤1 stimulation (about 20-fold over control at maximal level) and gradually decreased thereafter, even though the cells were continually stimulated by TGF-␤1 (Fig. 1D) .
We analyzed whether the induction of Runx2 is regulated at the mRNA level. Total cellular RNA was isolated from the C2C12 cells treated with TGF-␤1 or BMP-2 for the indicated time, and the level of Runx2 expression was analyzed by Northern blot hybridization. As shown in Fig. 2A , Runx2 mRNA was induced by TGF-␤1 and BMP-2 stimulation. The Runx2 mRNA level reached a maximum 2 h after stimulation and decreased thereafter, even though the cells were continually stimulated with TGF-␤1 or BMP-2. At least two isoforms of Runx2, which are identical except for their N-terminal regions, are known to exist. PEBP2␣A1 (38) , which we will call Runx2-␣A1 hereafter, is a prototype of Runx2. The other (Runx2-Til-1) is known as Til-1 (48) or OSF2 (10) . til-1 and OSF2 have been found to encode the same protein (49) . We examined to see which form was induced by TGF-␤1 and BMP-2 stimulation. Northern blot experiments using a cDNA probe covering the common region of both isoforms (Rx2-Ct) detected two bands (Fig. 2B) . Rehybridization of the blot with the Runx2-␣A1-specific or Runx2-til-1-specific probe revealed that the upper and lower bands corresponded to Runx2-␣A1 and Runx2-Til-1, respectively. These results indicate that TGF-␤1 and BMP-2 can induce both isoforms (Fig. 2B) .
Binding of Runx2 to T␤RE is required for the response to TGF-␤1. To examine the role of Runx2, we inserted two tandemly repeated T␤REs or a mutant version (M2) of the Ig C␣ promoter into the pGL3-promoter plasmid (Promega) (Fig.  3A) and measured cis-acting activity by the luciferase assay. In agreement with Runx2 being the major T␤RE binding protein induced by TGF-␤1, we observed an approximately threefold increase in the transcriptional activity of the T␤RE-luciferase reporter after transfection of a constitutively active form of the TGF-␤ receptor I and Runx2 into C2C12 cells (Fig. 3B) . A complete loss of response was observed with the M2 mutant, indicating that Runx2 is essential for transcriptional activation of target genes in response to TGF-␤1. To rigorously establish the requirement for Runx2 in T␤RE function, we used the cell line H1-127-30 (see Materials and Methods). When Runx2 ϩ/ϩ (MC3T3-E1) calvaria cells were transfected with the T␤RE reporter, a two-to threefold induction was observed after TGF-␤1 treatment. This TGF-␤1-dependent induction was also completely abrogated by the mutation in the Runx binding site (Fig. 3C) . When H1-127-30 cells were transfected with the T␤RE reporter, the T␤RE did not respond to TGF-␤1 at all. Expression of Runx2 in H1-127-30 cells, however, strongly induced T␤RE reporter activity, and treatment with TGF-␤1 further induced reporter activity (Fig. 3D) . It is worth noting that the expression of Runx2 by itself induced gene expression through the T␤RE in the absence of TGF-␤1, while TGF-␤1 by itself had no effect. This result firmly establishes that Runx2 is essential for the TGF-␤1 responsiveness of the T␤RE.
Runx2 mediates the common activities of TGF-␤1 and BMP-2. Since both TGF-␤1 and BMP-2 induce Runx2, we asked whether Runx2 could mediate the common function of TGF-␤1 and BMP-2. Therefore, we examined whether exogenous expression of Runx2 could block myogenic differentiation. For this purpose, C2C12-Rx2 cells were used (Fig. 4A) . When control C2C12 cells, which bear only the empty vector, were cultured for 10 days in medium containing 5% serum, extensive formation of multinucleated myotubes was observed. Myotube formation was completely blocked in cells stably expressing Runx2 as well as in the TGF-␤1-or BMP-2-treated cells, indicating that Runx2 by itself is sufficient to block myogenic differentiation (Fig. 4B) . To confirm this result, molecular markers for TGF-␤1 and BMP-2 stimulation were analyzed. Both TGF-␤1 and BMP-2 are known to suppress MyoD (20) and induce collagen ␣1(I) and fibronectin expression (25) . Up-or down-regulation of these marker genes by TGF-␤1 and BMP-2 was confirmed in control C2C12 cells (Fig. 5, lanes 1 to  3) ; constitutively expressed Runx2 also suppressed MyoD and induced collagen ␣1(I) and fibronectin expression in C2C12 cells (lane 4). It is worth noting that MyoD, which is critically important for myogenic differentiation, was suppressed by exogenous expression of Runx2. Given that Runx2 blocks myogenic differentiation, it can be assumed that Runx2 expression must be suppressed for the induction of myogenic differentiation. As shown in Fig. 6 , Runx2 expression was significantly suppressed during myogenic differentiation whereas MyoD expression was slightly enhanced. These results suggest that Runx2 is an essential and common target of TGF-␤1 and BMP-2 signaling and that the induction of Runx2 is a key event in the inhibition of myogenic differentiation.
Conversely, the osteocalcin gene, a mineralized tissue-specific gene (28) induced by BMP-2 but not by TGF-␤1, was not up-regulated by Runx2 expression alone (Fig. 5, lane 4) . However, in the presence of BMP-2, overexpression of Runx2 led to significant induction of osteocalcin over the level of osteocalcin in the control of BMP-2-treated cells (compare lanes 3 and 6). Although this result suggests that Runx2 also plays an important role in osteoblast differentiation, other factors in addition to Runx2 would appear to be required.
FIG. 2. Induction of Runx2 mRNA by TGF-␤1 and BMP2. (A) C2C12 cells
were treated with TGF-␤1 (5 ng/ml) or BMP-2 (300 ng/ml) for the indicated times, and total RNA was prepared. Northern blotting was performed using PEBP2␣A cDNA (38) , which contains the common region of Runx2-␣A1 and Runx2-til-1, as a probe for Runx2 (Rx2-Ct). (B) Total RNAs were prepared from C2C12 cells treated with BMP-2 (300 ng/ml) for 6 h and analyzed by Northern blot hybridization using the Rx2-Ct probe. The same blot was stripped and rehybridized with Runx2-␣A1 (38)-or Runx2-til-1 (48)-specific probes. A probe prepared from the GAPDH coding sequence was used as a loading control.
Cooperation between Runx2-and BMP-activated Smad5 induces osteoblast-specific gene expression. Induction of ALP activity following BMP treatment is considered to be an indicator of an early stage of osteoblast differentiation (20) . TGF-␤1, which can block myogenic differentiation of C2C12 cells but cannot induce osteoblast differentiation, does not induce ALP activity. Consistent with the differential effect of BMP and TGF-␤, BMP-specific Smads, but not TGF-␤-specific Smads, have been shown to be responsible for the induction of ALP activity in C2C12 cells (1, 36) . It has been also reported that exogenous expression of Runx2 can induce ALP activity in C3H10T1/2 cells (14) . We confirmed the induction of ALP activity by overexpressing Runx2 in C2C12 cells (Fig. 7B, lanes  1 and 2; Fig. 7C) . However, the level of ALP activity induced by Runx2 in the absence of exogenous BMP-2 was much lower than in C2C12 cells treated with BMP-2 (300 ng/ml) alone (Fig. 7C) . These observations together with the result shown in Fig. 5 (osteocalcin) indicate that Runx2 alone is not sufficient for the induction of osteoblast-specific gene expression and that an additional BMP-2-specific signal is required. Since signal-specific Smad proteins physically interact with Runx2 (13), we surmised that BMP-specific Smad proteins might be additionally required for the induction of osteoblast-specific gene expression. To prove this, we examined by Northern blot analysis the level of ALP mRNA in C2C12-Sm5 and C2C12-Sm5-Rx2 cells (Fig. 7A and B ). We confirmed the low level of ALP mRNA in C2C12-Sm5 and C2C12-Rx2 cells in the absence of BMP-2 stimulation (Fig. 7B, lanes 2 and 3) . Remarkably, ALP expression was strongly enhanced in C2C12-Sm5-Rx2 cells even in the absence of BMP-2 (Fig. 7B, lane 4) . We further analyzed ALP expression in these cells by treating them with various concentrations of BMP-2 and measuring ALP enzyme activity. C2C12-Sm5-Rx2 cells showed quite strong ALP activity even in the absence of BMP-2 (Fig. 7C) . The activity was higher than that of cells overexpressing either Smad5 or Runx2 alone. To observe ALP activity as high as that of the control cells treated with 300 ng of BMP-2/ml, C2C12-Sm5-Rx2 and C2C12-Sm5 cells required 2 and 10 ng of BMP-2/ml, respectively (Fig. 7C) . Therefore, C2C12-Sm5-Rx2 cells were about 150 times more sensitive to BMP-2 than control cells and about five times more sensitive than C2C12-Sm5 cells. These results demonstrate synergistic cooperation between the functions of Smad5 and Runx2 for the induction of ALP expression.
Involvement of Smad in Runx2 induction. For the induction of ALP activity, C2C12-Sm5 cells appeared to be more sensitive to BMP-2 than C2C12-Rx2 cells. C2C12-Rx2 cells still required 300 ng of BMP-2/ml to obtain the same level of ALP activity as that of control C2C12 cells treated with 300 ng/ml, while C2C12-Sm5 cells required only 10 ng of BMP-2/ml (Fig.  7C ). This result suggested that BMP-activated Smad5 is more rate limiting than Runx2 for the induction of ALP expression. Therefore, we examined whether Runx2 expression is under the control of Smad5. We treated C2C12-Sm5 cells with serially diluted concentrations of BMP-2 for 6 h and measured Runx2 mRNA levels by Northern blot analysis. As shown in (Fig. 8B) . Treatment of C2C12-Sm5 cells with 60 ng of BMP-2/ml induced Runx2 expression to the maximal level, while control C2C12 cells required 300 ng/ml to induce Runx2 expression (Fig. 8A) . These results indicate that BMP-specific Smad proteins play an important role in the induction of Runx2 by BMP-2 stimulation.
We further examined whether the receptor-activated Smads stimulate Runx2 expression directly or indirectly. C2C12 cells were treated with BMP-2 for 6 h in the presence or absence of the protein synthesis inhibitor cycloheximide (5 g/ml), and the level of Runx2 mRNA was analyzed by Northern blotting. As shown in Fig. 8C , induction of Runx2 mRNA by BMP-2 was significantly inhibited by cycloheximide. This result indicates that Runx2 is not a direct target of receptor-activated Smads but rather an indirect target of some other factor that must be synthesized de novo.
DISCUSSION
Inactivation of the Runx2 gene in mice has been shown to result in a complete block to osteoblast differentiation (21, 40) , and haploinsufficiency of Runx2 causes the CCD syndrome in humans (24, 34) . In contrast to the wealth of information stressing the importance of Runx2 in osteogenesis, little is known about the molecular controls of Runx2 expression or about the mechanism through which Runx2 controls osteoblast-specific gene expression. In this study, we have shown that Runx2 acts as a common and major target of TGF-␤1 and BMP-2 signaling and that there exists a functional relationship between Runx2 and Smad5 for ligand-specific transcriptional regulation.
Runx2 is the major T␤RE binding protein induced by TGF-␤1 and BMP-2. To elucidate the molecular mechanism that blocks C2C12 cell differentiation after TGF-␤1 and BMP-2 stimulation, we examined for T␤RE binding proteins in C2C12 cells. We observed that TGF-␤1 at 5 ng/ml or BMP-2 at 300 ng/ml significantly increased T␤RE binding activity and that the major protein binding to the T␤RE was Runx2 complexed to PEBP2␤/Cbf␤. Induction of Runx2 by TGF-␤1, BMP-2, BMP-7, and BMP4/7 heterodimer has been reported (10, 25, 51) . However, the results have been controversial, as some showed that BMP-2 does not significantly alter Runx2 mRNA levels (51). Our analysis, which directly searched for T␤RE binding protein activity, firmly establishes that Runx2 is the major and common target of TGF-␤1 and BMP-2 signaling. The time course study revealed that the Runx2 mRNA level reached a maximum 2 h after stimulation and gradually decreased thereafter (Fig. 2A) . This rapid and transient induction of Runx2 could be the reason why some groups failed to detect the induction of Runx2 after BMP-2 stimulation. Our analysis further establishes that Runx2 is essential for TGF-␤1 and BMP-2 signaling. TGF-␤1 is unable to induce transcription through T␤RE in Runx2 Ϫ/Ϫ calvaria cells. Interestingly, expression of Runx2 successfully activated reporter expression in the absence of TGF-␤1 (Fig. 3D) . This reporter assay revealed that binding of Runx2 to the Runx binding site is essential for TGF-␤1 activity through the T␤RE.
At least two species of Runx2 mRNA are synthesized as a result of differential promoter usage (10, 38, 48, 49) . PEBP2␣A1, referred to here as Runx2-␣A1, is the Runx2 prototype, originally identified in ras-activated NIH 3T3 cells. The til-1 isoform gene, referred to here as Runx2-til-1, was originally identified as a frequent retrovirus integration site in virusaccelerated lymphomas of CD2-myc transgenic mice. Runx2-til-1 RNA is transcribed from a promoter located at least 20 kb upstream from the Runx2-␣A1 promoter (48) . OSF2 was identified as an osteoblast-specific transcription factor and as a regulator of osteoblast differentiation (10) . Further analysis revealed that Runx2-til-1 and OSF2 encode identical proteins (49) . Our Northern blot analysis revealed that TGF-␤1 and BMP-2 induce both isoforms of Runx2 (Fig. 2B) . Although it is still not clear if each isoform has a distinct function, a recent analysis failed to detect any marked differences between the two isoforms in the C3H10T1/2 fibroblast cell line (14) .
Runx2 is essential for the common responses to TGF-␤1 and BMP-2. TGF-␤ and BMP-2 block the myogenic differentiation of C2C12 cells by suppressing the expression of master control genes, including that of MyoD (20, 35) . Our data show that overexpression of Runx2 suppresses MyoD expression and stops the myogenic differentiation of C2C12 cells (Fig. 4B and  5) . Osteoblasts, chondroblasts, adipoblasts, myoblasts, and fibroblasts differentiate from mesenchymal precursor cells (12) . The critically important regulators of osteoblast, myocyte, and adipocyte differentiation are known to be Runx2 (10), MyoD (9) , and peroxisome proliferator-activated receptor ␥2 (PPAR␥2) (30, 50) , respectively. It is worth noting that PPAR␥2 suppresses Runx2 expression during the promotion of adipocyte differentiation and inhibits osteoblast differentiation (23) . Thus, exclusive expression of Runx2, MyoD, and PPAR␥2 might be essential for the lineage determination of mesenchymal precursor cells. In accord with this suggestion, Runx2 expression was significantly suppressed during the myogenic differentiation of C2C12 cells (Fig. 6) . These results suggest that induction of Runx2 is the key event responsible for the block of myogenic differentiation by TGF-␤ and BMP-2.
In addition, Runx2 induces the expression of at least two matrix proteins, type I collagen and fibronectin, whose synthesis is up-regulated by both TGF-␤1 and BMP-2 (Fig. 5) . Type I collagen is the most abundant extracellular matrix protein of bone tissue and is essential for bone strength (43) . Fibronectin, another major component of the extracellular matrix, plays an important role during development and wound healing by promoting cell adhesion, cell migration, and cytoskeletal organization (22) . The induction of these major components of the extracellular matrix and the suppression of MyoD expression by Runx2 suggests that Runx2 mediates the common activities of TGF-␤1 and BMP-2. It is worth noting that the induction patterns of type I collagen and fibronectin by Runx2 were different. Type I collagen gene expression was fully induced by the exogenous expression of Runx2 without any additional effect of TGF-␤1 and BMP-2 stimulation (Fig. 5) . The induction of type I collagen by TGF-␤1 and BMP-2, therefore, appears to rely entirely on increased Runx2 expression. On the other hand, fibronectin gene expression, induced by exogenous Runx2, was further induced by TGF-␤1 but not by BMP-2 (Fig.  5) . These results suggest that TGF-␤1 and BMP-2 induce fibronectin expression through Runx2 but that TGF-␤1 also activates fibronectin expression through additional mecha- (C) C2C12 cells were cultured in the absence or presence of BMP-2 (300 ng/ml) and cycloheximide (CHX; 5 g/ml) as indicated for 6 h. Total RNAs were prepared, and the Runx2 mRNA level was analyzed by Northern blot hybridization using the Rx2-Ct probe.
nisms that work synergistically with Runx2. It has been reported that TGF-␤1-mediated fibronectin induction requires the activation of Jun N-terminal kinase (JNK) (16) . Thus, the JNK pathway might be a likely candidate for the TGF-␤1 synergistic effect on fibronectin gene expression that operates through Runx2.
Cooperation between Runx2 and BMP-activated Smad5 induces osteoblast-specific gene expression. Runx2 alone did not induce osteocalcin, a mineralized tissue-specific protein, but increased the level of osteocalcin induction by BMP-2 (Fig. 5) . Likewise, Runx2 induced only weakly the expression of a major phenotypic marker of the osteoblast lineage, ALP, but increased the level of ALP induced by BMP-2 (Fig. 7C) . This result suggests that although Runx2 is involved in the induction of osteoblast differentiation, it is not sufficient for this process. Recently, all three Runx ␣ subunits and receptor-activated Smad proteins (Smad1, -2, -3, and -5) were shown to interact in vitro, and synergic effects of Runx3 and Smad3 on a T␤RE reporter gene were reported (13) . Smad1 and Smad5 were shown to be involved in the intracellular BMP signals that inhibit myogenic differentiation and induce osteogenic differentiation in C2C12 cells (36, 56) . It is worth noting that overexpression of Runx2 could also inhibit myogenic differentiation, although it was not sufficient for the further induction of osteoblast differentiation (Fig. 4 and 5) . These results all point to the intriguing possibility that Runx2 can mediate TGF-␤1 and BMP-2 signals for the block of myogenic differentiation but not ligand-specific responses unless signal specific signal transducers are concomitantly present in C2C12 cells. Our results provide good evidence to support this hypothesis. We showed that exogenous expression of Runx2 alone mediated the common activities of TGF-␤1 and BMP-2 but failed to fully induce osteoblast-specific gene expression (Fig. 5) . As an additional requirement for osteoblast-specific gene expression, we identified the BMP-specific signal transducer, Smad5 (Fig. 7) .
It is worth mentioning that the time course assay showed that the induction of Runx2 expression in response to BMP-2 occurred within the 2-h period following stimulation ( Fig. 2A) . BMP receptor IA-dependent Smad phosphorylation and nuclear translocation begin 10 to 20 min after BMP-2 stimulation and remain elevated for up to 2 h (18). These results indicate that the receptor-activated Smad and the BMP-induced Runx2 could function together in vivo, since they shared overlapping periods of expression. These observations also explain why only BMP-2 was able to provoke the differentiation of C2C12 cells to the osteoblastic lineage, even though both TGF-␤1 and BMP-2 were able to induce Runx2 and inhibit the myogenic differentiation of this cell line.
Osteocalcin gene expression is initiated late during osteoblast differentiation at the onset of extracellular matrix mineralization (28) . Unlike expression of ALP, an early marker of osteoblast differentiation, osteocalcin gene expression was not induced by the coexpression of Smad5 and Runx2 (data not shown). Our results suggest that the coordinate function of Smad5 and Runx2 is still insufficient for osteogenic terminal differentiation, although both are implicated in the commitment to osteogenic differentiation.
Involvement of Smads in Runx2 induction. Overexpression of Smad5 resulted in the induction of Runx2 even in the absence of BMP-2 stimulation (Fig. 8) . This result indicates that Smad5 functions as an upstream regulator of Runx2. The molecular mechanism of Smad5 activation under these conditions remains unclear. Recent observations have suggested that the subcellular localization of Smads prior to activation is important. Treatment of the cells with reagents that disrupt microtubules induced the phosphorylation of Smad2 in the absence of TGF-␤ and enhanced TGF-␤-dependent phosphorylation of Smad2 (55) . The mislocalization or promiscuous activation of Smad5 might be responsible for the induction of Runx2. However, Smad5 did not directly induce Runx2 expression; an additional step of protein de novo synthesis was required (Fig.  8C) . One of the factors mediating the induction of Runx2 by Smad5 could be AP1. junB is an immediate-early gene induced by TGF-␤ and BMP-2 (7). JunB expression reaches a maximum 90 min after BMP-2 stimulation and then gradually decreases. Like Runx2, overexpression of JunB inhibits expression of myoblast differentiation markers in C2C12 cells (7) . Analysis of the Runx2 promoter region reveals a perfect AP1 binding site situated close to the putative Smad sites (X.-Z. Zi and S.-C. Bae, unpublished observation). Thus, it will be interesting to examine whether induction of AP1 is required for the induction of Runx2 in response to TGF-␤1 and BMP-2.
Since not only Smad5 but also Smad2 and -3 physically interact with Runx2 (13), interaction of Runx2 with TGF-␤-specific Smads might also be important for TGF-␤-specific responses. So far, the Smads that induce Runx2 after TGF-␤ stimulation and function together with Runx2 have not been identified. In the ROS17/2.8 osteoblast-like cell line and primary rat calvaria cells, Runx2 expression was suppressed by about 50% after overexpression of Smad2 (26) , implying that distinct relationships may exist between each Smad protein and Runx2. Further study will be required for a thorough understanding of the molecular mechanisms governing ligand-specific responses of TGF-␤ and BMP-2 and the relationship between Runx2 and ligand-specific Smad proteins.
In this study, we identified Runx2 as the common and major target of TGF-␤1 and BMP-2 in C2C12 cells. Runx2 was found to be responsible for suppression of the expression of the myogenic master gene, myoD, and for the induction of components of the extracellular matrix but insufficient for osteo- blast-specific gene expression, which depended on the additional factor, Smad5, an upstream regulator of Runx2. These results provide important insights into how the downstream components of the TGF-␤1 and BMP-2 signaling pathways, which we have identified as Runx2 and receptor-activated Smads (Fig. 9) , mediate the block to myogenic differentiation and induce osteoblast differentiation in C2C12 cells.
